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The Damage-Responsive Drosophila Gene sickle
Encodes a Novel IAP Binding Protein Similar to
but Distinct from reaper, grim, and hid
beyond the H99 interval to a fourth member among a
linkage group that regulates IAP function.
Microarray profiling for radiation-responsive genes in
Drosophila detected strong induction of the rpr gene as
previously reported [14, 15]. In parallel, we detected a
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Dallas, Texas 75390-9039 previously uncharacterized gene, sickle, which was also
sharply upregulated. Expression was confirmed by
Northern blots (Figure 2) where skl and rpr displayed
similar induction ratios in response to ionizing radiationSummary
(8-fold and 9-fold, respectively). The actual induction of
skl may exceed this estimation, since there appears toIn flies and mammals, critical regulators of cell death
be less total RNA loaded in the irradiated sample lanefunction by antagonizing Inhibitor of Apoptosis Pro-
(X) probed with skl (Figure 2).teins (IAPs), which themselves directly block caspase
We used in situ hybridization to characterize skl ex-action [1]. The three currently known IAP antagonists
pression during embryogenesis. skl mRNA was closelyin Drosophila map to the H99 genomic interval required
associated with some but not all areas where pro-for all programmed cell death [2]. Here we describe a
grammed cell death (PCD) occurs. Earliest skl expres-fourth member of this genetic group, sickle (skl), which
sion can be detected in germ band extended embryosmaps just outside of the H99 deletion. At its N terminus,
(stage 10). At this time, expression is rather ubiquitousSkl shares residues in common with other IAP antago-
but is preferentially found in the epidermis of the embryonists in flies (Rpr, Grim, and Hid) [3–5] and in mammals
(data not shown). In stages 11 through 13 (Figures 3A(Smac/DIABLO and Omi/Htra2) [6–10]. Like other acti-
and 3D), skl transcripts accumulate in a distinctly punc-vators of apoptosis mapping in the Reaper region,
tate pattern in the dorsal aspect of the head. At thisfull-length skl induced apoptosis when overexpressed,
time, skl RNAs also occur in scattered patterns near theand the N terminus of this protein specifically bound
pharynx, the hindgut, and throughout the lateral epider-to the BIR2 domain of DIAP1. However, unlike the N
mis. In stages 14 and beyond, expression is predomi-termini of Grim, Hid [11, 12], and Rpr, the N terminus
nantly found within subsets of cells in the ventral nerveof Skl did not induce apoptosis. skl transcripts accu-
cord and the brain (Figures 3B, 3C, and 3F). At highmulate in cells that are fated to die in some but not
magnification, we detected skl transcripts subcellularlyall regions of the embryo. Genotoxic stimuli induced
localized inside some but not all macrophages (Figureskl expression, but skl was not responsive to all signals
3E). As previously demonstrated with probes for rpr [5],that trigger premature apoptosis. skl is potentially a
hid [4], grim [3], and dredd [16], this characteristic signalfourth IAP antagonist in the “Reaper region” and a new
within macrophages reflects hybridization to mRNAs in-candidate transducer of apoptotic damage signaling in
side cell corpses that were recently engulfed by phago-Drosophila.
cytic cells. Together, these observations show that skl
expression has an apoptogenic component that is
Results and Discussion clearly associated with PCD in the embryo. However, in
contrast to rpr, grim, and hid, PCD-associated expres-
sickle (skl) was identified from microarray profiling stud- sion of skl was limited to only some rather than all zones
ies designed to identify radiation-responsive genes (be- of PCD. For instance, skl expression correlates well with
low). skl encodes a predicted protein of 108 amino acids PCD in the head region but is clearly absent from a
and corresponds to the predicted gene CG13701 (Gen- prominent zone of apoptosis in the ventral epidermis of
Bank number AF418220; FlyBase number FBgn0036786). stage 12 to 13 embryos [17]. skl might also exert func-
This gene is located in the cytological region 75C, 20 tions in developmental processes unrelated to PCD.
kb outside the H99 proximal break point and 41 kb The H99 chromosomal deficiency removes rpr, grim,
away (toward the centromere) from reaper (Figure 1A). and hid and prevents apoptotic cell death in embryos
skl contains no introns and is transcribed in the same [5]. As skl resides close to a breakpoint mapped for this
orientation as the rpr, grim, and hid genes. Alignments deletion (Figure 1), we tested whether expression of this
of the Skl open reading frame together with Rpr and locus might be affected in H99 homozygotes. As shown
Grim (Figure 1B) highlight a shared N-terminal RHG mo- in Figure 3F, H99 embryos are evidently normal for ex-
tif, which fits the IAP binding tetrapeptide consensus pression of skl, since a prominent signal for skl RNA,
found among fly and mammalian IAP antagonists (Figure similar to the wild-type pattern, can be found in the CNS
1C). A second region in common with Rpr, Grim, and of H99 mutant embryos. Thus, unlike previously reported
Hid, referred to as the “Trp-block” [13], is also present in apoptogenic RNAs transcribed from within [3–5] or out-
Skl. Its proximity, orientation, and amino acid sequence side of the Reaper region [16], skl expression is unper-
potentially extends the boundaries of the Reaper region turbed in H99 embryos. As expected for animals that
are completely cell death defective, wandering H99
macrophages showed no positive signal for skl RNA (as2 Correspondence: john.abrams@utsouthwestern.edu
3 These authors contributed equally to this work. in Figure 3E). Moreover, in stage 14/15 ventral nerve
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Figure 1. Sickle Maps to the reaper Region
(A) Organization of the Reaper region at cytological position 75C. The H99 deletion encompasses an 300 kb stretch of DNA on chromosome
3R that contains the Drosophila cell death activators, rpr, grim, and hid, required for all apoptotic death during embryogenesis [5]. Arrows
indicate direction of transcription, which is the same for all four genes.
(B) Alignment of full-length Drosophila Sickle protein with Reaper and Grim from analysis with the ClustalW program. The RHG motif and Trp-
blocks are indicated as box I and II, respectively. The RHG motif, N-terminal residues 2–14, is present in all four Drosophila genes. The 24
amino acid Trp blocks are a region of homology outside of the RHG (Sickle residues 70–93; Grim residues 86–109; Reaper residues 32–55).
(C) Alignment of the BIR binding motif at the N terminus of Sickle, Grim, Reaper, and Hid, together with the N-terminal residues from mature
Smac/DIABLO [6, 22] and Omi/HtrA2 [8–10]. The N terminus of Sickle fits the IAP binding tetrapeptide motif consensus of A-(V/T/I)-(P/A)-(F/
Y/I/V) [23, 24]. Dm, Drosophila melanogaster; Hs, Homo sapiens. The properties of skl suggests a shared ancestry with the rpr, grim, and hid.
cords of H99 animals, we detected up to four extra skl- We tested whether the RHG motif of Skl could bind
to the BIR1 and BIR2 of DIAP1. Since the binding profileexpressing cells per hemisegment. Thus, skl is ex-
pressed in at least some of the same cells that are fated for the RHG motif of Rpr had not been reported, we also
tested a Rpr(1-15)-GFP fusion protein. In these studies,to die through the action of rpr, grim, and hid.
To test the expression of skl in a model of precocious we expressed the first 15 residues of Skl and Rpr as
N-terminal GFP fusion proteins in cultured fly cells. Ly-cell death, we examined crumbs (crb) mutants. In these
embryos, widespread induction of rpr followed by ec- sates containing Skl(1-15)-GFP or Rpr(1-15)-GFP were
incubated with recombinant GST-BIR1 or GST-BIR2 ontopic apoptosis occurs throughout the epidermis [14,
17]. As seen in Figure 3G, the signal for skl mRNA is glutathione beads. As shown in Figure 4, Skl(1-15)-GFP
specifically bound to the BIR2 domain DIAP1. A similardetected in ectopically positioned epithelial cells, but
the number and extent of positive cells is similar to wild- binding profile was observed with Rpr(1-15)-GFP ly-
sates. Skl-derived or Rpr-derived residues are requiredtype embryos. This pattern is consistent with abnormal
positioning of skl-positive cells and starkly contrasts for this association, since GFP alone did not bind. Bind-
ing to the BIR1 domain by either of these fusion proteinswith the widespread induction of rpr RNA seen in crb
[14]. Thus, unlike rpr, skl is not responsive to signals was not detected. These results parallel binding re-
ported for N-terminal peptides of Hid and Grim, whichassociated with premature apoptosis caused by this
mutation. form stable complexes with the BIR2 domain but not
the BIR1 domain of DIAP1 [18].
Several lines of evidence suggest that skl is likely to
be an enhancer rather than a determinant of PCD. First,
skl RNA does not completely coincide with all cells des-
tined to die (expression is limited to only some zones
of PCD in the embryo, and skl is not responsive when
precocious cell death is prompted by distorted signal-
ing). Second, normal skl expression in H99 embryos
excludes the possibility that lesions in skl might contrib-
ute to the global PCD defect found in these mutants.
Therefore, endogenous skl expression alone is insuffi-
cient for embryonic apoptosis, since H99 animals are
completely cell death defective. Consequently, normalFigure 2. sickle Expression Is Responsive to Radiation
skl expression alone is unlikely to specify cell death.(Upper panel) sickle and reaper transcripts are detected in Northern
blot hybridizations of total RNA from control (C) and -irradiated (X) However, we also tested whether skl might provoke
embryos. Note that induction of both genes occurs prior to the onset apoptosis when overexpressed in cultured SL2 cells
of normal developmental cell death [14, 17] (see also Supplementary (Table 1) and found that, in this context, conditional
Material). rpr is acutely responsive to ionizing radiation and was
expression of a full-length Skl cDNA triggered apo-used as a side-by-side control for the Northern blot procedure [14].
ptosis, albeit with slightly less efficacy than Rpr. Unlike(Lower panel) Membranes above were stained with Methylene blue
to show ribosomal RNA bands and loading consistency. the N termini of Grim or Rpr, which are sufficient to
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Figure 3. sickle RNA Is Associated with Pro-
grammed Cell Death
Expression of skl mRNA in wild-type (A–E)
and mutant (F and G) Drosophila embryos
detected by in situ hybridization. Probes for
skl showed patterns of mRNA expression in
wild-type embryos distinct from dredd, rpr, or
Dmp53 used as controls in these experiments
(data not shown). (A) Lateral view of a wild-
type stage 11 embryo shows accumulation
of skl transcripts in the dorsal head region.
(B) Lateral view of stage 16 embryo showing
expression of skl in developing central ner-
vous system, brain, and ventral nerve cord.
(C) Ventral nerve cord of stage 16 embryo
shows prominent skl expression. (D) Dorsal
view of stage 13 embryo reveals skl expres-
sion near the pharynx and scattered in the
anterior head region. (E) Higher magnification
from the head region shows that skl mRNA
is localized within some macrophages (arrow)
but not all macrophages (arrowhead). Subcel-
lular labeling inside phagocytes is character-
istic of apoptogenically expressed genes and
reflects hybridization to recently engulfed
corpses. The inset is an image near the ven-
tral nerve cord. (F) The expression of skl is
unperturbed in H99 homozygotes. Mutants
are identified by a characteristic head involu-
tion defect. The expression pattern is similar
to wild-type embryos at the same age (stage
14). (G) skl expression in crb mutant embryos
occurs in abnormally positioned epithelial
cells but is not ectopically induced.
provoke apoptosis when fused to GFP, the N terminus nying papers from Srinivasula et al. and Wing et al. (this
issue of Current Biology) report synergistic killing whenof Skl was negative for cell death in parallel assays
(Table 1). Thus, association between RHG proteins and skl is expressed together with rpr or grim [19, 20]. Since
it is induced by ionizing radiation, skl might also exertIAPs is not necessarily sufficient to elicit apoptosis.
Taken together, our observations suggest that skl might functions as part of a genotoxic stress response. For
instance, skl might cooperate with rpr to promote apo-cooperate with other genes in the Reaper region to spec-
ify PCD in the embryo and could exert similar functions ptosis in response to damage signals [14, 15], or it could
act as a sentinel protein to increase sensitization toin developmental stages and tissues that we have not
examined. Consistent with this possibility, accompa- cellular damage, as recently suggested for Omi/HtrA2
[8–10]. We tested this possibility by assessing the ef-
fects of either full-length Skl or Skl(1-15)-GFP in irradi-
ated SL2 cells, but preliminary results from these analy-
ses were negative. Thus, if Skl is a sensitizing protein,
it may function in a cell type-specific manner.
DIAP1 is the major brake controlling embryonic apo-
Table 1. Full-Length Sickle Induces Apoptotic Death in Cultured
Drosophila Cells
Construct Survival (%)
GFP 95
Figure 4. The N Terminus of Sickle and Reaper Specifically Bind to Skl (cDNA) 19
the BIR2 Domain of DIAP1 Rpr 4
Skl(1-15)-GFP 97Lysates of SL2 cells expressing either GFP (lanes 4 through 6), Skl(1-
Grim(1-15)-GFP 515)-GFP (lanes 1 through 3), or Rpr(1-15)-GFP (lanes 7 through 9)
Rpr(1-15)-GFP 47were incubated with glutathione beads bearing GST-BIR1 or GST-
BIR2 (see Supplementary Material). Proteins bound to the beads Conditional expression of proteins shown were induced for 16 hr
were resolved using SDS-PAGE and were blotted with anti-GFP and assayed for cell killing (see Supplementary Material). Expression
(upper panel, lanes 3 through 6). The GST fusion proteins were of Skl from the cDNA resulted in extensive apoptosis. Though well
visualized by ponceau S staining (lower panel). Band A denotes expressed (see Figure 4), Skl(1-15)-GFP was not competent to trig-
signals corresponding to Skl(1-15)-GFP and Rpr(1-15)-GFP. Band ger cell death, while, in parallel assays, Grim(1-15)-GFP and Rpr(1-
B denotes GFP. Asterisk indicates a degradation product corre- 15)-GFP exhibited potent killing activity.
sponding to GFP residues.
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